Magnetic multilayers of (SrRuO 3 ) m (SrM nO 3 ) n were grown artificially using the pulsed laser deposition technique on (001)-oriented SrT iO 3 substrates.
First, the evolution of the lattice parameters, the crystallinity and the epitaxy of the films are evaluated as a function of the number of SrM nO 3 unit cells using X-rays diffraction and transmission electron microscopy. Second, our results on the stress indicate that the SrRuO 3 /SrM nO 3 superlattices show a larger residual strain as compared to the single layer film of SrRuO 3 . This suggests that the lattice stiffening from interfacial strain and inhibiting the dislocation by composition modulation. Finally, these results bring insights on the interfacial stress measurements of oxide multilayers that can be used to control the physical properties at the level of the atomic scale.
have high potential for technological applications as their transport and magnetic properties can be controlled with the non-magnetic spacer layer thickness. However, to use these materials for applications, it is necessary to understand and control precisely the physical properties that depend on various parameters such as the layer materials, their thicknesses and the interfaces between them. In the case of magnetic multilayers, the interfaces are rich in magnetic and structural coordinations. Moreover, the lattice mismatch and thickness between the two constituent materials will also modify the strength of the interfaces. Furthermore, the lattice mismatch induced-strain changes the physical properties of the oxide thin films, including the transition temperature in high-temperature superconductors 15, 16 and in ferroelectric oxides 17 . Similar effect in the Mn-based multilayers is responsible for significant variation in magnetization as well as in electronic, transport and structural properties 13, 14, 18 10 have also studied structural and transport properties of La 2/3 Ba 1/3 MnO 3 /SrT iO 3 structure. They observed that electrical transport properties of these samples strongly depend on the strain-induced distortion in the La 2/3 Ba 1/3 MnO 3 layer.
Considering the above points, it is interesting first to fabricate magnetic multilayers using the thin film deposition processes. Second, the artificial control of their properties as a function of the spacer layer thickness is required. Third, the interfacial stress that plays an important role upon the structural and magneto-transport properties needs to be evaluated.
In this article, we report the structural study of the superlattices consisting of 20 unit cells (u.c.) thick SrRuO 3 (SRO) and n u.c. SRO and SMO. The state of strain at the interfaces and the structural coherency are studied using the sin 2 ψ method, and our results are reported in this article. The superlattices show larger residual strain compared to the single layer film of SRO, suggesting that the lattice stiffening from interfacial strain and inhibiting dislocation by composition modulation.
A multitarget pulsed laser deposition system 16 was used to grow SRO thin films and SRO/SMO superlattices on (001)-SrT iO 3 substrates. The thin films of SRO and the superlattices were deposited at 720
• C in oxygen ambient of 30 mtorr. The deposition rates (typically˜0.26Å/pulse) of SRO and SMO were calibrated for each laser pulse of energy density˜3 J/cm 2 . After the deposition the chamber was filled to 300 torr of oxygen at a constant rate, and then the samples were slowly cool down to room temperature at the rate of 20
• C/ min. The superlattice structures were synthesized by repeating 15
times the bilayer comprising of 20 u.c. SRO and n u.c. SMO. In all samples SRO is the bottom layer, and the modulation structure was covered with 20 u.c. SRO to keep the structure of the top SMO layer stable. These periodic modulation in composition was created on the basis of established deposition rates of SRO and SMO were confirmed from the positions of superlattice reflections in X-ray θ − 2θ scans. The epitaxial growth and the structural characterization of the multilayers and single layer films were performed using X-ray diffraction, electron dispersive spectroscopy (EDS) and transmission electron microscopy (T EM). The θ − 2θ, Φ and ω-scans were performed using Seif ert XRD 3000P
and P hilips MRD X ′ pert diffractometers (λ = 1.54069Å). The T EM is a JEOL 2010 with a point resolution of 1.8Å. Resistivity (ρ) was measured as a function of temperature (T ) in PPMS Quantum Design.
In bulk form SRO exhibits only pseudocubic perovskite structure 20 . In contrast, stoichiometric SMO crystallizes in cubic as well as hexagonal phase 23 . The cubic perovskite structure of SMO is not stabilized in its single layer thin film form; however, our results of X-ray diffraction and transmission electron microscopy show the formation of cubic perovskite structure of SMO layer in the superlattices as previously observed 18, 23 . This result indicates that, SMO can be stabilized as a cubic structure between two SRO layers 24 .
Our samples with alternate layers of SRO and SMO on ST O show (00l) diffraction peaks of the constituents, indicates the growth of epitaxial pseudocubic phase with the caxis orientation, i.e., c-axis perpendicular to the substrate plane. In Fig.1 , we show the θ − 2θ scan for several samples with different spacer layer thickness. These scans are around the (002) reflection (42
• in 2θ) of these pseudocubic perovskites. As the SMO layer thickness increases above 1 u.c., the fundamental (002) In SRO/SMO superlattices, the two constituents have perovskite structure and the difference in the lattice parameters between them is significant (3.93Å vs. 3.805Å). Also the atomic scattering factor of Ru is higher than Mn. The higher order satellite peaks with strong intensity is expected to be observed in the X-ray diffraction. To extract the information about the coherency at the interfaces and the periodic chemical modulation The quality of the superlattices is confirmed by the electron diffraction (ED) study. An example of an ED cross section, for a (SRO) 20 (SMO) 5 superlattice, is given in Fig.3 
(a).
Note that the ED is a superposition of SRO and SMO . The perfect ED patterns confirms the c-axis orientation of the superlattice and, also, the perovskite structure. Moreover, the satellite spots (see inset of Fig.3(a) ), due to the periodic stacking of the SRO and SMO layers, are clearly visible. The corresponding cross-section high resolution electron microscopy (HREM) image is shown in Fig.3(b) . It confirms the presence of superstructure and sharp heteroepitaxial SRO − SMO interfaces. The image also indicates that the SMO perovskite-type is stabilized between two SRO layers, and actually, adopts a pseudocubic structure 24 .
Having the epitaxial and pseudocubic growth morphology, it is necessary to verify the periodicity of all samples with different spacer layer thickness. In (20 u.c.) SRO/(n u.c.)
Where N = 20 + n. Since the fundamental diffraction peak of the superlattice is due to the diffraction from the constituent, we have assumed the lattice parameter of the superlat-
. The superlattice period can be expressed as:
For higher spacer layer thickness (i.e. n = 20) superlattice period is ≃ 156Å. This suggests that the coherence length of the sample is much higher than the superlattice period.
Therefore, the higher angle satellite peak positions 27 can be indexed about 'a';
, where θ is the angular position of the satellite peak and λ is the X-ray wavelength.
We used the following equation 27 to extract the superlattice period from the satellite peak positions in the θ − 2θ scan:
, where θ i and θ i+1 are the angular position of the ith and (i + 1)th order satellite peak, respectively. The calculated values of Λ from the different successive satellite peak positions is given in Fig. 4(a) , for different values of n. The superlattice period is linear with n and follows eq. (2), indicating a high quality of the different samples and a clear correlation as a function of the spacer layer thickness.
As previously stated, the physical properties of magnetic thin films (Mn-based system) are strongly dependent on the strains imposed by the substrate
28 . This dependence has also been reported in the case of SRO thin films 29 where a SRO is larger than a ST O which indicates the presence of compressive in-plane stress on the SRO film. The substrate-induced stress modifies the interatomic distance in SRO and this is maximum close to the ST O substrate.
However, the substrate-induced stress relaxed as the number of SRO layers increases. This is evidenced when the lattice parameter of SRO approaches to bulk value. Since a SM O is smaller than the a SRO , the SMO layer on SRO will experience a tensile strain within the plane. Consequently, the strain of the SRO/SMO superlattices is a combine effect of substrate-induced strain as well as the strain originated from the interfaces.
In this superlattice system, these strains are opposite in nature (substrate-induced strain is compressive, whereas the strain at the interfaces is tensile). Also the lattice parameters calculation suggest that the interfacial strain is larger compare to the substrate induced strain. So, it is important to understand both the influence of strain on the lattice parameter of this structure and the influence of the SMO layer thickness upon the strain. In Fig.4(b) , In the transition metal multilayers each layer of the constituent has single element where the lattice mismatch leads to the planar deformation at the interfaces and hence its structure.
While in a multilayer designed from various transition metal compounds, the lattice mismatch introduces a deformation in the 3D-coordination of the transition metal element. To understand the structural correlation of this SRO/SMO system at the interfaces, we have studied the asymmetric reflection of these samples using the conventional sin 2 ψ method
30
(where ψ is the angle between the lattice plane normal and the sample surface normal).
This method is commonly used to calculate Poisson's ratio (ν), in-plane and out-of-plane strain, and the strain free lattice parameter of the films. The lattice mismatch between the deposited material and the substrate is the source of strain in epitaxial thin film. In addition, the strain (ε) of the film along the direction of diffraction [hlk] from any hkl reflection for a biaxial strain state is defined as 30 :
where φ is the angle between the projected lattice plane normal and an in-plane axis. depend on the elastic constant (or Young's modulus, E) and ν.
We have chosen a unique direction with constant h and k to measure the diffracted X-ray intensity as well as ψ from 10l (l = 1, 2, 3 and 4) asymmetric reflection. The value of ψ is sensitive to the alignment of the sample, and to avoid the misaligned contribution of ψ, we have averaged over all φ-directions. In we found that the strain is independent of the superlattice period although the out-of-plane lattice parameter shows the relaxation of the stress at the higher spacer layer thickness (see Fig.4(b) ). However, this analysis does not distinct the strain in the multilayer and the single layer SRO film. Also the (111) diffraction peak of the sample overlaps with that of the substrate peak which prohibits calculating d o of each sample.
The eq. 4, is applicable for a thin film where the structure has a single interface between the film and the substrate. In the case of multilayer, which has more than one interfaces, its lattice parameter depends on the thickness of the bilayer. We have assumed
, where a f is the average lattice parameter of the bilayer. The average lattice parameter of the bilayer can be expressed as a function of N:
Using this value of a f , eq. 4 can be written as:
6b.
To apply this relation to the SRO/SMO multilayer series, we have measured the value of In SRO/SMO multilayer structure, the out-of-plane direction has alternate stacking of RuO 6 and MnO 6 . In a superlattice with n = 1 the out-of-plane lattice parameter is 4.003Å which is larger than the lattice parameter of the constituents as well as the substrate. This state of strain indicates the elongation of these octahedra along the c-axis. This superlattice has a larger strain state compare to the single layer of SRO film, although the total thickness of the structure is larger than a strain relaxed film (150Å 32 ). The lower strain-relaxed thickness of SRO on ST O and larger difference in the lattice parameter between the two compounds of the superlattice suggest that the modulation of bilayer strain is the larger contribution to the total strain in the superlattice. As the bilayer thickness, i.e. the spacer layer thickness increases, the strain level in the bilayer relaxed and the distortion of these octahedra decreases. This strain at room temperature due to the interfaces is analyzed by sin 2 ψ methods. The strain in eq. (4) depends on the hkl orientations provided the strain is biaxial and uniform. However, eq. (4) is valid for a thin film with single interfaces and is not restricted to whether the strain is due to the volume conserving modification or not. u.c. thick SRO is not so strong to overcome the substrate-induced strain. The strained outof-plane lattice parameter of SRO and SMO calculated from eq. (6) indicates the volume conserving distortion of SRO, whereas the distortion in SMO does not conserve its volume even if it retains its cubic symmetry. At the interfaces, the modified structure of SMO is stabilized in the pseudocubic phase, and suppress the strength of the in-plane tensile strain.
In the multilayer the interfaces between the constituents modulate the substrate-induced strain which keeps the strain coherency in the sample. As the bilayer thickness increases, the substrate-induced strain relaxes and it is reflected in the out-of-plane lattice parameter of the multilayer.
The zero-field temperature-dependent resistivity (ρ) of these superlattices are shown in layer thickness where the strain is larger (Fig. 4b) , the change in the magnitude of the resistivity is negligible. Although the transport measurement contains the information of the interfaces, the effect of strain is dominated by the magnetic state of the mobile carrier and the insulating nature of SMO layer.
In conclusion, we have grown superlattices consisting of 20 u.c. thick SrRuO 3 and n u.c.
SrMnO 3 where n varies from 1 to 20 grown on (001)-oriented SrT iO 3 utilizing the pulsed laser deposition technique. The evolution of the lattice parameters, the crystallinity and the epitaxy of the films are evaluated as a function of the number of SrMnO 3 unit cells using X-ray diffraction and transmission electron microscopy. We have also studied the state of strain at the interfaces and the structural coherency using the sin 2 ψ method. The superlattices show larger residual strain compared to the single layer film of SRO suggesting that the lattice stiffening from interfacial strain and inhibiting dislocation by composition modulation. These results bring new insights on the interfacial stress measurements of oxide multilayers that can be used to control the physical properties at the level of the atomic scale.
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